Previous studies have shown that macrophages and tumor cells are comigratory in mammary tumors and that these cell types are mutually dependent for invasion. Here we show that macrophages and tumor cells are necessary and sufficient for comigration and invasion into collagen I and that this process involves a paracrine loop. Macrophages express epidermal growth factor (EGF), which promotes the formation of elongated protrusions and cell invasion by carcinoma cells. 
Introduction
Tumor cell motility and invasion is required for tumors to metastasize from their site of origin. Chemotactic factors found in the tumor microenvironment can promote the motility and invasion of tumor cells and therefore facilitate metastasis. Epidermal growth factor (EGF) is a potent chemotactic factor for many cells of epithelial origin (1, 2) and is expressed in many tumor types (3) . Increased expression of EGF receptors correlates with poor prognosis in human cancers and is sufficient to promote metastasis in animal models (4) . Several lines of evidence suggest that EGF is produced by nontumor cell types; infiltrating T lymphocytes found in ovarian and breast tumors can produce heparin binding EGF (5) ; and analysis of breast tumor explants revealed that EGF is produced by tumor-associated macrophages (TAM) and not by carcinoma cells (6, 7) . TAMs correlate with poor prognosis in human breast cancer (8, 9) , and mouse mammary tumor metastasis is attenuated in animals with reduced numbers of macrophages (10) . In addition, high levels of colony-stimulating factor 1 (CSF-1), which promotes macrophage differentiation and survival, correlate with poor prognosis in certain tumor types (11) .
By using an ''in vivo invasion assay'' to collect invasive cells from experimental mammary tumors, we have recently shown that both carcinoma cells and macrophages comigrate and depend upon each other to be invasive in vivo (12) . The invasion of carcinoma cells can be blocked by inhibiting either the EGF receptor (EGFR) or the CSF-1 receptor (CSF-1R) which are expressed by carcinoma cells and macrophages, respectively. This in vivo study suggested that a paracrine loop exists between carcinoma cells and macrophages but an in vitro analysis of the interactions of these cell types during invasion enables a more controlled evaluation of paracrine loop. In this study, we show that macrophages promote the directed motility and invasion of carcinoma cells in the absence of other cell types and exogenous growth factors. Furthermore, we show that this increase in invasion is dependent on EGF produced by macrophages and the CSF-1 produced by the carcinoma cells, EGFR function in the carcinoma cells, and CSF-1R function in the macrophages. EGF expression by macrophages is promoted by CSF-1, and CSF-1 expression by carcinoma cells is promoted by EGF, leading to a positive feedback in the paracrine loop.
Materials and Methods
Cell culture. MTLn3-GFP and RAW264.7 (LR5) cells were cultured in a-MEM with 5% fetal bovine serum (FBS). BAC1.2F51.2F5 cells were cultured in a-MEM with 10% FBS and 36 ng/mL of Human recombinant CSF-1 (a gift from Chiron Corp., Emeryville, CA).
Carcinoma/macrophage coculture. MTLn3-GFP (n = 50,000) were plated on a 35-mm MatTek Dish in the presence or absence of 250,000 BAC1.2F51.2F5 cells in 2 mL a-MEM with 10% FBS and 36 ng/mL CSF-1. After 16 hours, epifluorescence images were taken of 20 fields chosen at random. The number of MTLn3-GFP cells whose length was more than four times their width was counted and compared against the total number of cells in the field. Where indicated, cells were treated with 1 Amol/L Iressa (an EGFR tyrosine kinase inhibitor) dissolved in DMSO, or 25 Ag/mL CSF-1R blocking antibody (AFS98, ref. 13, a gift from Dr. S. Nishikawa, Kyoto University, Japan), or 25 Ag/mL EGF blocking antibody (Upstate #06-102). Vehicle controls containing DMSO or F4/80 antibody were treated in a similar manner. Time lapse microscopy was done at 37jC and cultures were overlaid with mineral oil to prevent changes in pH.
Collagen invasion assay. MTLn3-GFP or MDA-MB231 cells (n = 80,000) were plated on a 35-mm MatTek Dish (f80 cells/mm 2 ) in the presence or absence of 200,000 BAC1.2F51.2F5 cells in 2 mL a-MEM with 10% FBS and 36 ng/mL of CSF-1. After 16 hours, cells were overlaid with a 750-to 1,000-Am layer of 5 to 6 mg/mL collagen I, which was allowed to gel for 90 minutes before the addition of 1 mL a-MEM with 10% chemically defined lipid mix (GIBCO 11905-031) and insulin-transferrin-selenium (GIBCO 41400-045). Where indicated cells were treated with 1 Amol/L Iressa (an EGFR tyrosine kinase inhibitor) dissolved in DMSO, or CSF-1R blocking antibody (AFS98) at 10 Ag/mL, or EGF blocking antibody (Upstate #06-102). Vehicle controls containing DMSO or F4/80 antibody were treated in a similar manner. Cells were pretreated with antibodies for 2 hours before being overlaid with collagen. After 24 hours, the assay was fixed with 4% formaldehyde and analyzed by confocal microscopy: optical z-sections were taken every 5 Am starting at the base of the dish and extending at least 50 Am into the collagen gel. To quantify the invasion of MTLn3-GFP cells the green fluorescence protein (GFP) fluorescence in the z-sections from 20 Am into the collagen and above was added up and divided by the sum of GFP fluorescence in all the z-sections. To quantify the invasion of the MDA-MB231 cells the number of cells above 20 Am (1.5 cell diameters) into the collagen was counted and divided by the total number of cells in all the z-sections. The data shown represents analysis of z200 cells with data collected from at least three independent experiments.
RNA extraction and PCR amplification. RNA Extraction was done using the RNeasy kit (Qiagen, Valencia, CA) in accordance with the manufacturer's protocol; RNA was eluted with 30 AL RNase-free water. The total RNA was reverse-transcribed directly using the superscript cDNA synthesis kit (Clontech, Palo Alto, CA) according to the manufacturer's protocol. PCR was done using specific primers for each of the growth factors and their receptors (see Supplementary Table for primer sequences, amplicon size, and annealing temperature). Electrophoresis of the PCR products was done on 2% agarose gel and visualized by ethidium bromide staining.
Real-time PCR confirmation. Quantitative reverse transcription-PCR (QRT-PCR) analysis was done to determine the change of expression of EGF in BAC1.2F51.2F5 cells cultured with or without 36 ng/mL CSF-1 for 16 hours using the ABI 7900 (Applied Biosystems, Foster City, CA) with sequence-specific primer pairs for EGF (see Supplementary Table for primer sequences, amplicon size, and annealing temperature) as described previously (14) . Similarly, QRT-PCR analysis was done to determine the change of expression of CSF-1 in MTLn3 cells cultured with or without 1 nmol/L EGF for 4 hours. The SYBR Green PCR Core Reagents system (Perkin-Elmer Applied Biosystems) was used for real-time monitoring of amplification. Results were evaluated with the ABI Prism SDS 2.0 software. Both the genes tested for regulation were compared with two housekeeping genes (b-actin and GAPDH) for the analysis.
Results
To determine if macrophages can affect the behavior of carcinoma cells, we did coculture experiments using MTLn3 mammary carcinoma cells and either BAC1.2F51.2F5 (BAC1.2F5; ref. 15) or RAW264.7 (LR5) macrophages (16) . Figure 1A shows that when cultured alone, MTLn3 have a nonpolarized, well-spread morphology. In contrast, when cultured with either BAC1.2F51.2F5 or LR5 macrophages, f25% of the cells had elongated protrusions. The formation of these protrusions required the macrophage growth factor CSF-1; if CSF-1 was not present then macrophages only moderately stimulated the formation of elongated protrusions. Figure 1B shows that CSF-1 had no effect on the morphology of MTLn3 cells in the absence of macrophages suggesting that CSF-1 is not signaling directly to the carcinoma cells but indirectly via the macrophages.
We did time lapse microscopy to determine if the changes in carcinoma cell morphology induced by macrophages affect cell motility. The movement of MTLn3 cells either cultured alone or with BAC1.2F5 macrophages in the presence of CSF-1 was recorded for 1 hour. MTLn3 cells cultured alone are highly motile but move in a random manner with frequent changes in direction ( Fig. 1C  and D; Supplementary Movie 1) . In contrast, the elongated protrusions observed in MTLn3 cells cultured with macrophages are associated with an increase in the net amount of cell movement ( Fig. 1C; Supplementary Movie 2) . To quantify the directedness of cell motility, we did morphometric analysis (DIAS). The directionality of movement was calculated by dividing the net distance moved by the centroid of the cell in 1 hour by the total distance moved in the same period. A cell moving in a linear path will have a value of 1, whereas a cell moving randomly will have a value close to 0. Figure 1D shows that carcinoma cells move with significantly more directionality when cultured with macrophages. The average speed of cell movement decreased significantly from 0.61 to 0.40 Am/min in the presence of macrophages. Furthermore, the speed/net path decreased from 0.034 to 0.017 when MTLn3 cells were cultured with macrophages.
This latter measurement shows a decrease in the frequency of direction changes, indicating that the carcinoma cells move in a directed fashion towards the macrophages. An explanation for the reduction in speed is that the carcinoma cells become polarized in the proximity of macrophages, their random movements are minimized, and eventually they stop moving.
We next set out to investigate if the more directed movement of carcinoma cells in the presence of macrophages was associated with increased invasive behavior. The margins of breast tumors are surrounded by collagen-rich tissues. In addition, tumor cells can migrate on collagen fibers to blood vessels where they intravasate (17) . To mimic this environment, we overlaid cocultures of carcinoma cells and macrophages with a collagen I gel. (Fig. 2A  shows a schematic representation of the experimental setup) . After 24 hours, the proportion of cells invading at least 20 Am into the collagen was determined by taking optical sections with a confocal microscope. When cultured alone, <5% of the MTLn3 cells invade in to the collagen I gel; whereas in the presence of BAC1.2F51.2F5 macrophages, f25% of the MTLn3 cells invade 20 Am into the collagen (Fig. 2B and C) . Interestingly, exogenous CSF-1 was not required for the increase in invasion; this may be because the collagen gel limits the diffusion of CSF-1 produced by the carcinoma cells (see below). Invasive carcinoma cells and macrophages were often found in within 50 Am of each other in the collagen gel suggesting that close proximity of the two cell types is required for their invasive behavior (Fig. 2B ). LR5 macrophages also promoted the invasion of MTLn3, albeit to a lesser extent than BAC1.2F51.2F5 macrophages (Fig. 2C) . We also tested if MDA-MB 231 human breast carcinoma cells were more invasive in the presence of macrophages. Figure 2D shows that MDA-MB 231 cells are moderately invasive when cultured alone but become highly invasive when cultured in the presence of BAC1.2F5 cells. Coculture of MTLn3 cells with dermal fibroblasts did not increase the invasion of MTLn3 cells (data not shown). These data clearly show that macrophages are able to promote the invasion of carcinoma cells into a three-dimensional collagen matrix.
Our in vivo analyses have shown that EGFR signaling is crucial for mammary carcinoma cell motility (12) . To test the role of EGFR signaling directly, we treated cells with Iressa that specifically inhibits the tyrosine kinase activity of EGFR (18) . Figure 3 shows that treatment of carcinoma-macrophage cocultures with Iressa prevents the formation of elongated protrusions and invasion into collagen by MTLn3 cells (Fig. 3A and B) . Similar results were found using PD153035 and tyrophostin AG1478 to block EGFR function (data not shown). Iressa treatment also reduced the macrophagestimulated invasion of MDA-MB 231 cells (Fig. 3C) . RT-PCR analysis showed that EGFR (ErbB1) was expressed by carcinoma cells but not by macrophages (Fig. 4A) . These data show that EGFR function is required in carcinoma cells for macrophages to stimulate to their invasion.
The increased invasion of MTLn3 cells when cocultured with macrophages occurs in the absence of exogenously applied EGF family ligands. We therefore sought to investigate which EGFR ligand might be responsible for activating EGFR and promoting invasion. RT-PCR analysis showed that both the macrophages and MTLn3 cells expressed transforming growth factor a (TGF-a), heparin-binding EGF (HB-EGF), and amphiregulin. On the other hand, EGF was only expressed by the macrophages and CSF-1 only by the MTLn3 cells (Fig. 4A) . The results outlined in Fig. 1 show that the ability of macrophages to affect the morphology of carcinoma cells is greatly increased by CSF-1. This suggests that CSF-1 promotes the expression of factors that influence the morphology of carcinoma cells. We therefore investigated if CSF-1 increased the expression of EGFR ligands by BAC1.2F5 macrophages. EGF expression in macrophages was increased by CSF-1 treatment, whereas the expression of other EGF family members was not dramatically altered (Fig. 4B) . These data suggest that increased EGF production in the presence of CSF-1 may mediate the EGFR dependent increase in carcinoma cells with elongated protrusions observed when carcinoma cells are cocultured with macrophages. Exogenous CSF-1 is not required for macrophages to promote cell invasion suggesting either that this process is CSF-1-independent or that CSF-1 is produced by one or both cell types. In support of the latter hypothesis, we found that carcinoma cells express CSF-1 (Fig. 4A) ; furthermore, treatment of carcinoma cells with EGF increased CSF-1 expression (Fig. 4C) . In agreement with previous work, we found that macrophages express the CSF-1R.
The results described above suggest that positive feedback is likely to promote the expression of CSF-1 and EGF when macrophages and carcinoma cells are cocultured. To test if EGF produced by macrophages is responsible for the altered morphology and increased invasion of carcinoma cells, we used blocking antibodies against the different EGFR ligands. Figure 5 shows that treatment of macrophage-carcinoma cocultures with a function blocking EGF antibody reduced the number of cells with extended protrusions and the extent of invasion (Fig. 5) . Blocking antibodies to other EGF family members, amphiregulin, TGF-a, and HB-EGF, did not affect the morphology or invasion of carcinoma cells cultured in the presence of macrophages (Supplementary Fig. 1 ).
The data described in Fig. 4 suggests that EGF expression by macrophages is dependent upon CSF-1 signaling: if this is correct then blockade of CSF-1R function should reduce EGF expression by macrophages and reduce the number of carcinoma cells with elongated protrusions and cell invasion. Treatment of carcinomamacrophage cocultures with function blocking anti-CSF-1R antibody AFS98, but not a control antibody reduced both the formation of elongated protrusions by MTLn3 cells and their invasion into collagen (Fig. 5A and B) . These data show that the ability of macrophages to stimulate the invasive behavior of carcinoma cells depends on CSF-1R signaling in macrophages and EGF signaling through EGFR in carcinoma cells. 
Discussion
Tumor cell motility is required for the metastatic process. Here we show that the paracrine loop between carcinoma cells and macrophages is necessary and sufficient for tumor cell invasion. The ability of macrophages to promote the formation of elongated protrusions and invasion of carcinoma cells is dependent on EGFR function in the carcinoma cells. These results are consistent with the wealth of data implicating members of the EGFR family in the progression of carcinomas (3). We find that EGF is expressed by macrophages but not carcinoma cells and that EGF is required to promote carcinoma cell invasion in coculture with macrophages in vitro. Other EGF family ligands were not necessary for invasion or for macrophages to affect the behavior of the carcinoma cells. Furthermore, we show that CSF-1 signaling is required for macrophages to affect the morphology and invasion of carcinoma cells. CSF-1 is expressed by the carcinoma cells and specifically promotes the expression of EGF by macrophages. Thus, the carcinoma cells promote the production of EGF by macrophages, which then promotes the invasion of the carcinoma cells. Positive feedback is generated in this paracrine loop because macrophages express more EGF when cultured in the presence of CSF-1 and carcinoma cells express more CSF-1 when EGF signaling is activated. This self-reenforcing loop may serve to recruit monocytes into the tumor. Consistent with this idea, EGFR-positive breast tumors recruit higher numbers of macrophages (19) . Other studies have suggested that matrix metalloproteases (MMP) produced by macrophages may increase the invasion of tumor cells (20, 21) . However, inhibition of MMPs in our assay did not significantly reduce the amount of invasion. These studies do not rule out the secretion of additional proinvasive factors by macrophages.
Addition of exogenous EGF or media conditioned by macrophages to MTLn3 cells did not promote the formation of elongated protrusions or the invasion of carcinoma cells into collagen (data not shown). We speculate that the formation of elongated protrusions and cell invasion requires asymmetrical activation of EGF signaling in cells, which is triggered in cells exposed to gradients of EGF. Macrophages secreting EGF will generate gradients and we noted that elongated protrusions are often oriented towards macrophages. Furthermore, cells moving in response to a gradient will be moving in a more directed manner and this is exactly what we observed in carcinoma cells cocultured with macrophages.
These findings support our in vivo observations that carcinoma cells and macrophages constitute the invasion population of cells found in mammary tumors (12) and provide an explanation for the correlation of high levels of CSF-1 and TAMs with poor prognosis in breast cancer (7, 8) . TAMs are often found clustered in hotspots in particularly invasive regions of tumors and surrounding ducts (9, 22) . We propose that macrophages promote invasive tumor cell behavior at these sites and this ultimately leads to increased metastasis. The ability of macrophages to promote the invasive behavior of other cell types is not restricted to tumors; macrophages can also promote fibroblast invasion into cartilage in rheumatoid arthritis (23) .
This study shows that a paracrine loop between carcinoma cells and macrophages leads to increased carcinoma cell invasion (Fig. 5) . Strategies that disable this loop may be of clinical benefit in the treatment of cancer. One attractive possibility is targeting aspects of macrophage behavior to reduce tumor cell invasion, because macrophages are unlikely to develop multidrug resistance and are genetically stable. Indeed, we have shown that interference with CSF-1R function reduces MTLn3 carcinoma cell invasion despite the fact that CSF-1R is not expressed by MTLn3 cells. Furthermore, recent work has shown that targeting CSF-1 production has antitumor effects in vivo (24) .
